WHY A NON-PW DECOMPOSITION 3D APPROACH?
Three-and four-body bound and scattering calculations based on the FY scheme are commonly performed in a PW representation. Such calculations are based on channel dependent formalism with complicated recoupling algebra arising from evaluation of transition operators, three-body forces, permutation operators and coordinate transformations. In order to be able to solve the channel dependent integral equations one should truncate the amplitudes according to the energy range of problem. For a low-energy calculation, few partial wave components can provide insight to the problem, whereas for intermediate and high-energy calculations one needs a large number of partial wave channels to obtain converged amplitudes. Consequently, the approach with partial-wave summation can be problematic, leading to complicated geometrical expressions, which cannot be handled easily by conventional numerical methods, because of the extremely slow convergence of the PW expansions. Clearly, intrinsic limitations of the PW-based calculations are not only due to the complexity in deriving the necessary equations, but also due to the limitations in computer resources requiring very large number of angular momentum states in order to achieve convergence for the scattering observables.
To avoid the very involved angular momentum algebra which is inherent to PW representation, an alternative approach, without PW decomposition, has been introduced for few-body bound and scattering calculations. The idea behind this non-PW method is to avoid the complexity of handling the complicated and very large partial-wave expansion. In the new scheme the momentum vector variables are implemented directly from the integral equation formalism. The discreet angular momentum quantum numbers (present in the PW representation) are replaced by continues angle variables (in 3D approach). For a realistic formalism, the 3D approach completely avoids the extremely complicated algebra, which occurs in the coupling of spin and angular momentum quantum numbers, leading to less complicated expressions in comparison to PW representation. However, the 3D formalism leads to higher dimensionality of the integral equations. This procedure is quite convenient for obtaining the channel independent observables (such as the binding energy and total should cross section) and for a PW observable (like phase shifts) one can easily project the final state onto the specific required partial-wave channel. Since the 3D approach works directly with vector variables, it carries all the PW channels automatically. Therefore, the numerical effort to obtain the observables is the same at all energy regions; and it appears to be a necessary approach at higher energies where the PW approach is no longer feasible. In this paper we briefly review the formalism and solutions of the FY integral equations in the case of realistic spin-isospin dependent 3D approach.
THREE-NUCLEON BOUND STATE
In order to solve the Faddeev equation for three-nucleon (3N) bound state when a three-nucleon force (3NF) is presented, which is given by |ψ
123 |ψ (as detailed in Ref. [1] ), one should introduce the proper basis states. In standard PW representation the basis states involve two Jacobi momenta, p and q, with the spin-isospin and angular momentum couplings. The momentum quantum numbers for the two-body j 12 (resulting from the orbital angular l 12 and spin s 12 momenta), with the momentum j 3 of the third nucleon (resulting from the orbital momentum l 3 and spin s 3 ) are coupled, leading to the total momentum quantum numbers J and M J . For the isospin, we also have the corresponding coupling, with t 12 of the two-particle subsystem coupled to the third nucleon isospin 1 2 , leading to the total isospin quantum numbers T, M T . Within this procedure, the PW states are given as
whereas in 3D approach, the basis states involve two Jacobi momentum vectors p and q and separate spin and isospin coupling of two-nucleon subsystem to third nucleon:
As shown in Eq. (2) the angular dependence explicitly appears in the Jacobi vector variables, whereas in PW representation the angular dependence leads to two orbital angular momentum quantum numbers, i.e., l 12 and l 3 . In order to be able to evaluate the matrix elements of transition and the permutation operators one needs the free 3N basis states | p q γ ≡ | 
These coupled integral equations have been solved with and without 3NFs. As shown in Ref. [1] , the solution of eight coupled Faddeev integral equations for total spin-isospin states (
) and by using Bonn-B NN potential leads to E t = −8.152 MeV, which is in good agreement with the converged PW result E t = −8.14 MeV for j max 12 = 4. The effect of 3NF in triton binding energy has been studied in Ref. [2] . It was shown that the 2π-exchange Tucson-Melbourne force, with cutoff mass Λ π = 5.828 m π , increases triton binding energy about 1.60 MeV, whereas in PW calculation it increases 1.66 MeV.
FOUR-NUCLEON BOUND STATE
In the Yakubovsky scheme, the bound state of four-nucleons, considering NN and 3N forces, is described by two components ψ 1 and ψ 2 , corresponding respectively to the 3+1 and 2+2 structures:
In the non-PW momentum-space representation of the coupled Yakubovsky components, one needs two different sets of basis states:
whereas, using PW decomposition, the basis states can be introduced as:
Similar to the 3N case, with 3D basis the angular dependence appears explicitly in the Jacobi vector variables, whereas in a standard PW representation the angular dependence leads to three orbital angular momentum quantum numbers for each kind of basis states, i.e. l 12 , l 3 and l 4 or l 12 , l 2 and l 34 . In our 3D formalism there is not any coupling between the orbital angular momenta and corresponding spin quantum numbers. In Ref. [3] , the coupled equations (4) has been represented in the introduced basis states, Eq. (5), and the matrix elements of two-body t-matrices, permutation operators, as well as the coordinate transformations have been evaluated in detail. We have checked the 3D formulation for the three-and four-nucleon bound states by solving the integral equations for few spin-dependent NN potential models [4] : S 3 , YS, MT-I/III and P 5.5 GL. In Table 1 , we present our results for the α-particle and triton binding energies in comparison to PW results. As shown in this table our result for the α-particle (triton) binding energy with In summary, we show that the 3D formalism, with a strictly finite number of coupled three-dimensional integral equations, avoids the very involved angular momentum algebra occurring for the permutations and also automatically include all partial wave channels without any truncation on the space part. Our result for alpha particle and triton binding energies with spin dependent NN and 3N potentials are in good agreement with the results obtained by using the standard PW approach. As shown, the 3NF incorporation is less cumbersome in a realistic 3D approach, leading to the expectaton that 4N calculations can be more easily implemented by using this procedure.
